Background and purpose -The frequency and severity of a permanent lesion after brachial plexus birth palsy (BPBP) and its impact on activities of daily living are not well documented. We therefore investigated the outcome of BPBP in adolescents, regarding arm function and consequences for activity and participation.
Participants and methods -Of 30,574 babies born at St. Olavs University Hospital in 1991-2000, 91 had BPBP (prevalence 3 per 1,000), and 69 of these individuals were examined at a median age of 14 (10-20) years. The examination included the modified Mallet classification, range of motion, shoulder rotation and grip strength, Assisting Hand Assessment, and Canadian Occupational Performance Measure. Of the 22 subjects who were not examined, 3 could not be traced and 19 reported having no problems in the affected arm.
Results -At follow-up, 17 adolescents had a permanent lesion (i.e. individual Mallet subscore below 4) with a median Mallet total score of 15 (9-19), while 52 had good or normal shoulder function (median Mallet total score 25 (23-25)). All participants with a permanent lesion had reduced active shoulder rotation (≤ 15°), 16 had elbow extension deficit, and 10 had subnormal grip strength. External rotation was considerably weaker in the affected shoulder. In addition, they had ineffective use of the affected arm in bimanual activities. Even so, all except 1 were independent in activities of daily living, although 15 experienced minor difficulties.
Interpretation -Every fourth to fifth child with BPBP had a permanent lesion as an adolescent. External rotation was the most impaired movement. Despite ineffective use of the affected arm in bimanual activities, all of the participants except one were independent in activities of daily living.

Brachial plexus birth palsy (BPBP) is caused by a traction injury on the brachial plexus during labor (Metaizeau et al. 1979) . The prevalence of BPBP reported varies by a factor of more than 10, from 0.4 to 5.1 per 1,000 live-born (EvansJones et al. 2003 , Hoeksma et al. 2004 , Foad et al. 2008 . In Scandinavian populations, a prevalence of 3 per 1,000 liveborn has been reported (Lagerkvist et al. 2010 , Poyhia et al. 2010 .
Most children with BPBP have a transient nerve injury, but between 8% and 36% of them will have permanent functional impairments (Michelow et al. 1994 , Noetzel et al. 2001 , Hoeksma et al. 2004 , Poyhia et al. 2010 . The extent and severity of the nerve injury, varying from transient neurapraxia to avulsion-type root injuries, are the main predictors of recovery. At the time of diagnosis it is not possible to assess the severity of the injury or to predict the long-term outcome (Sunderland 1991 , Hoeksma et al. 2004 , Malessy and Pondaag 2011 . Some babies may spontaneously recover completely, some may recover partially, and some may need reconstructive nerve surgery. The absence of biceps muscle function at 3 months of age indicates a more severe injury and is also a commonly used indicator for surgical plexus exploration (Gilbert and Tassin 1984, Waters 1999 ). However, a permanent nerve injury and reduced arm function may also be observed following apparently moderate or less severe injuries.
Individuals with a permanent nerve injury after BPBP have various degrees of functional impairment in their affected extremity. These impairments may be due to reduction in muscle strength as well as limited range of motion caused by soft tissue contractures, muscle co-contractions, and secondary osseous deformities (Hardy 1981 , Pearl and Edgerton 1998 , Hoeksma et al. 2003 , Anguelova et al. 2014 . Toddlers with incomplete recovery use their affected arm in an asymmetrical way (Lagerkvist et al. 2010) . Adults with BPBP have reported problems in activities of daily living (Partridge and Edwards 2004) , but there is limited information regarding when these symptoms occur. Moreover, the frequency and the severity of permanent functional impairment in BPBP are not well documented (Pondaag et al. 2004) .
We studied the long-term outcome of BPBP in adolescents, regarding arm function and consequences for activity and participation.
Participants and methods
Study design and population 91 adolescents born at St. Olav University Hospital between 1991 and 2000 with a diagnosis of BPBP were eligible to participate in this follow-up study. During 2010 and 2011, 69 of these 91 individuals with median age of 14 (10-20) years came for a detailed examination including measurements of arm length, range of motion, muscle strength, sensibility, how they were able to use the affected arm in bimanual activities, and how they performed functional activities of daily living. Of those who did not participate in the follow-up examination, 1 had moved abroad and 2 did not respond, and 19 declined participation but responded that they had no problems in the involved arm.
Perinatal data on all 91 children, including maternal risk factors, have already been published by Backe et al. (2008) , who reported that 86 of the newborns were classified according to Narakas (group 1, n = 44; group 2, n = 33; and group 3, n = 9). In the present study, information on birth weight, associated fractures of the clavicle or humerus, the age when the baby regained antigravity biceps muscle function, and whether he/ she had received surgery during infancy was obtained from hospital records.
Exposure variable
Brachial plexus birth palsy was diagnosed according to the International Classification of Diseases (ICD) 9 and ICD 10 by a pediatrician performing the regular examination of newborns within 24 h of birth.
Main outcome measure
The modified Mallet classification ("Mallet score") (Mallet 1972 , Waters 1997 ) was used as the main outcome measure. This classification is used to quantify shoulder function and has been tested for reliability in the BPBP population (Bae et al. 2003) . In the Mallet score, 5 shoulder movements are graded on a scale from 1 (no motion) to 5 (normal motion equal to that in the unaffected side), resulting in a maximum total score of 25. The 5 shoulder movements (i.e. Mallet subscores) include abduction, external rotation, placing the hand behind the neck, placing the hand as high as possible on the spine, and placing the hand to the mouth. A Mallet subscore of 4 or better is considered to be good shoulder function (Tassin 1983 , Smith et al. 2004 . Thus, in this study, participants with a Mallet subscore of 4 or better for each separate shoulder movement were defined as having a transient lesion. Participants with a subscore of less than 4 in any separate shoulder movement were defined as having a permanent lesion.
Body structure and function
Arm length was measured as the sum of the lengths of the upper arm and forearm, measured from the tip of the acromion to the olecranon process and from the olecranon process to the ulnar styloid (Bae et al. 2008) . The elbow was held in 90° flexion.
Active and passive range of motion in the affected arm was measured using a mechanical goniometer. Active shoulder flexion was measured with the arm in the anterior sagittal plane until the person started to compensate by either extending the back or rotating the arm out of the sagittal plane. Active shoulder abduction was measured as a combined glenohumeral and scapulothoracic motion, and active shoulder external rotation was measured with the arm at the side of the body. Passive external shoulder rotation and passive glenohumeral abduction was measured in both shoulders. Passive glenohumeral abduction was measured with the scapula stabilized while the humerus was passively abducted.
Muscle rotation strength in both shoulders was measured with a stationary Biodex 3 Pro dynamometer system (Biodex Medical Systems, Shirley, NY). Measurements were performed in the seated position with 45° of shoulder abduction in the scapular plane; the elbow was supported in 90° flexion and the forearm was in neutral position. This position has been found to show good reliability for assessment of shoulder rotation torque (Edouard et al. 2013) . Muscle strength was evaluated during 3 isometric maximal voluntary contractions. The highest peak torque value was used as the strength parameter. In addition, isometric grip strength was measured using Grippit (AB Detektor, Gothenburg, Sweden) in the standardized position recommended by the American Society of Hand Therapists for hand-grip dynamometry (Mathiowetz et al. 1984) . Grippit is a reliable instrument for measuring peak grip strength in children in different age groups (Svensson et al. 2008) . 3 maximal trials were performed for each hand, and the highest peak value was used as the strength parameter. To eliminate differences due to handedness, grip strength was considered to be subnormal if the difference was more than 10% (Petersen et al. 1989) . For each of these strength measurements, the difference between the affected limb and the unaffected limb was calculated as percentage of the unaffected limb.
Tactile stereognosis of both hands was examined with shape/texture identification test (STI test), which consists of shapes and stylized textures of various degrees of difficulty, to be identified without the assistance of vision (Rosen and Lundborg 1998, Jerosch-Herold 2005) . The sensibility of both hands was tested with Semmes-Weinstein monofilaments (North Coast Medical, Campbell, CA) using 5 differently sized monofilaments (calibers 2.83, 3.61, 4.31, 4.56, and 6.65) that exert a force ranging from normal perception to deep pressure sensation (Jerosch-Herold 2005 , Palmgren et al. 2007 ).
Activity and participation
Effective use of the affected arm in bimanual activities was measured with the Assisting Hand Assessment version 4.4 (AHA) (Krumlinde-Sundholm et al. 2006) . Scores on AHA were converted to a 0-100 unit scale (Krumlinde-Sundholm 2012). The School Kids AHA was used for children up to 12 years, whereas the Ad-AHA research version was used for adolescents over 12 years of age. AHA is reliable, and has been validated for children up to 12 years of age (KrumlindeSundholm et al. 2007) .
Performance of functional activities in daily living was investigated using the Norwegian version of the semi-structured interview Canadian Occupational Performance Measure (COPM) (Law and Kjeken 2008 ). The 5 most important self-perceived activity problems in the areas of self-care, productivity (i.e. school), and leisure were selected by each participant and rated on a 10-point scale according to the participant's perception of, and satisfaction with, current performance. COPM is a valid, reliable, and responsive outcome measure (Kjeken et al. 2004 (Kjeken et al. , 2005 .
Statistics
Data are expressed as median values with range. They were analyzed using SPSS version 20.0. Within-group differences were tested using the Wilcoxon signed-rank test, and betweengroup differences were tested with the Mann-Whitney U-test. Chi-squared test was used to analyze differences in proportions between groups. Statistical significance was set at p ≤ 0.05.
Ethics
The study was approved by the regional medical research ethics committee, Central Norway (ref. 2010 Norway (ref. /1287 , and signed informed consent was obtained from the participants or from their parents.
Results
Background data (Table 1) The median birth weight of the 69 participants was 4,220 (2,850-5,680) g. Other background data are given in Table 1 . During infancy, antigravity biceps muscle function had been regained within 1 month of birth in 38 babies, including 20 of the 27 babies with a fracture in the clavicle. The only participant who had not regained biceps function within 12 months had had a sural nerve grafting to the brachial plexus at the age of 4 months. He had regained contractions in the biceps muscle 16 months after the operation. During childhood, secondary reconstructive surgery with lengthening of the subscapular muscle was performed in 3 other children at the ages of 3, 7, and 10 years. The 4 participants who were treated with surgery are presented separately in Tables 2-5 . (Table 2) 17 of the 69 adolescents had a permanent lesion with a median Mallet total score of 15 (9-19) ( Table 2) . 52 adolescents had a transient lesion, and their median Mallet total score was 25 (23-25) ( Figure) . Participants with a transient lesion were generally older (median age 15 (11-20) years) than participants with a permanent lesion (median age 12 (10-20) years). The sex distribution was similar between the groups.
Permanent lesion at follow-up
Of the 17 adolescents with a permanent lesion, 15 had regained antigravity biceps muscle function later than 3 months of age, whereas this was the case for only 1 of the adolescents with transient lesions. Body structure and function (Tables 3, 4, and 5) Of the 17 adolescents with a permanent lesion, the affected arm was shorter than the unaffected arm with a median difference of 2 (-0.5 to 4.0) cm, and 11 of them had a difference in arm length of more than 2 cm. In contrast, none of the participants with a transient lesion had differences in arm length of more than 1 cm, and the median difference between the affected and unaffected arm was 0 (-0.5 to 1.0) cm (p < 0.001).
All shoulder movements on the affected side were reduced in participants with a permanent lesion compared to those with a transient lesion. This was also the case for the adolescents who had undergone surgery as children. Active external shoulder rotation was limited to ≤ 15° for all 17 participants with a permanent lesion, and 9 of them had less than 0°. Furthermore, 16 of the 17 had an active elbow extension deficit (median 20° (0-60)), as compared to only 1 of the 52 with a Frequency distribution of the modified Mallet classification total score of the 69 participants at follow-up. a Differences between participants with transient lesion and participants with permanent lesion and no surgery (Mann-Whitney U-test). b n = 3, the participant with primary surgery had no active motion. transient lesion (p < 0.001). 5 participants with a permanent lesion had limitations (< 60°) in active forearm supination and 2 in active forearm pronation. Of those with a transient lesion, none had limitations in active forearm supination or pronation. There was a difference between the affected shoulder and the unaffected shoulder in passive external rotation (median 50°) and in passive glenohumeral abduction (medial 15°) in participants with a permanent lesion. Strength of shoulder rotation was measured in 15 of the 17 participants with a permanent lesion and in all 52 with a transient lesion. 1 participant refused to perform the strength testing, and the participant with primary surgery could not hold the force transducer. Of those with a permanent lesion, there was a considerable difference in external shoulder rotation strength between the affected and the unaffected arm (median 45%), but internal shoulder rotation strength and grip strength also differed between the sides. The differences in rotation strength between the shoulders were larger for participants who had undergone surgery. Grip strength was measured in 16 participants with a permanent lesion and 9 had subnormal strength in the hand of the affected limb. In addition, the participant who had undergone primary surgery could not hold and compress the Grippit. In the 52 participants with a transient lesion, we found no median difference in strength between the affected arm and the unaffected arm. All differences between participants with transient lesion and participants with permanent lesion and no surgery were statistically significant (Tables 4 and 5) .
Tactile sensibility and stereognosis was normal in the affected hand in 14 (82%) of the participants with a permanent lesion. The participant who had had primary surgery had reduced sensibility and stereognosis in the affected hand. He could only feel deep touch (filament 6.65) in parts of his affected hand, and he did not recognize the shapes of any size in the STI test. Another participant had reduced protective sensory function (filament 4.31) in both hands, and 1 participant did not recognize the smallest shapes (5 mm in diameter) in the STI test. All of the 52 participants with a transient lesion had normal tactile sensibility and stereognosis in the affected hand.
Activity and participation
All the participants with a permanent lesion had reduced effective use of the affected arm, as assessed with AHA. There was no significant difference between the adolescents with secondary surgery (median 86 (82-87) logit-based AHA units) and the other adolescents with a permanent lesion and no surgery (median 87 (77-90) logit-based AHA units). Limitations in spontaneous use of the affected arm were found when reaching for objects, moving the upper arm, or when supinating or pronating the forearm. In addition, 1 participant seldom grasped objects from the table with the affected hand. The participant who had had primary surgery did not use the affected hand at all for grasping. In contrast, none of the participants with a transient lesion had reduced effective use of the affected arm (median 100 (100-100) logit-based AHA units).
According to the COPM, 16 participants with a permanent lesion stated that they were independent in age-related activities of daily living. Even so, 15 of the 16 found that some activities were difficult or strenuous to perform. Limitations were related to sport activities (n = 12), in particular performing ball sports, push-ups, and other bimanual activities ties in daily activities was the participant who had had primary surgery. This individual was not able to grasp with the involved hand, and needed help to shower, dress, and prepare food. All 52 participants with a transient lesion were independent in age-related activities of daily living.
Discussion
The strength of the present study was the long-term follow-up examination of 69 participants, with additional information on 19 participants who did not undergo the examination. Moreover, all the participants included were born at the hospital, which accounted for 85% of the 35,661 births in the county during this time period. Selection bias was therefore unlikely.
The infants were diagnosed with BPBP within 24 h of birth, by a pediatrician performing the regular examination of newborns. In this early examination, it may be difficult to differentiate BPBP from limb inactivity caused by a fracture of the clavicle or the humerus. Thus, there may have been some misclassification of children as having BPBP when in fact they only had a fracture. The proportion of participants with a permanent lesion at follow-up was therefore probably a minimum estimate.
We used the Mallet classification to identify adolescents with a permanent lesion. The results regarding other structural and functional limitations and also the impaired bimanual performance support the division of participants into 2 groups: transient lesion and permanent lesion. The structural and functional examinations of the shoulders and arms, as well as AHA and COPM, were not done blind from the Mallet classification, and some information bias cannot therefore be excluded. However, the considerable differences in arm length and range of motion, and the objective measured differences in strength between participants with a transient lesion and those with a a permanent lesion, suggest that such bias is unlikely to explain the main results. There was a statistically significant differ- a Differences between participants with transient lesion and participants with permanent lesion and no surgery (Mann-Withney U-test). b n = 3, the participant with primary surgery was not tested. c n = 12, 1 participant refused to be tested. that required strength. Other activities frequently mentioned were difficulty in washing the armpit on the unaffected side, styling their hair, putting on tight clothes, buttoning up jeans, tying shoelaces, slicing cheese and bread, carrying large or heavy objects using both hands, or writing on the computer for longer periods of time. Changing gear in a car was also reported to be difficult. Some of these problems could be avoided by using alternative strategies and aids. For other activities, the participants could usually manage to do them independently, but performing them was inefficient and compensatory movements were used. The only participant who had major difficul-ence in median age between the groups. Since muscle strength increases with age in a growing child, we calculated the differences in strength between the affected side and the unaffected side for each participant and assessed whether the differences were greater in participants with a permanent lesion. To our knowledge, ROM does not decrease significantly during adolescence in normal shoulders, and these results are therefore unlikely to be confounded by age, while AHA is age-independent (Krumlinde-Sundholm et al. 2007 ). We are the first to report the outcome in an unselected population of adolescents born with BPBP, and in particular to include measures such as bimanual performance and activities of daily living. The structural and functional impairments observed were considerable, and they also had consequences for bimanual hand performance and activities of daily living, even though these impairments were not of the same magnitude.
Our finding that up to one-quarter of the adolescents had a permanent lesion is consistent with previous studies on toddlers. Lagerkvist (2010) examined 98 children at 18 months of age and reported that almost one-fifth had a permanent lesion, even though they used a different definition of permanent lesion. Poyhia et al. (2010) examined 132 children at 12 months of age, and reported that one-fifth had a permanent lesion. However, Poyhia et al. excluded children with birth fracture of the clavicle without sufficient findings to support BPBP at 1 month of age. If we had excluded children with fracture of the clavicle or humerus, the proportion of adolescents with a permanent lesion would have been substantially higher. Permanent lesions have also been studied in pre-school age children, and these studies found higher proportions of children with permanent lesions. Hoeksma et al. (2004) studied 56 children at a mean age of 3 years and 10 months and found incomplete neurological recovery in one-third, which is slightly higher than in our study. This may partly be explained by a more strict definition of recovery, and probably also by a more severely affected population, since 8 of the children in their study had primary nerve surgery. Strömbeck et al. (2000) reported outcome in 247 referred children with BPBP, and only 27% had recovered completely at 5 years. However, this probably included children with more severe BPBP since 28% of the participants had needed primary nerve surgery, compared to only one patient in the present study. In contrast to these studies, Michelow et al. (1994) used a much milder definition of good recovery, adapting the classification of Narakas (1985) , and in their study only one-tenth of the participants had poor recovery. Overall, our results and the results of previous studies in toddlers and children suggest that permanent lesions of BPBP are common-and in addition, we now report that they persist into adolescence.
Recovery of biceps muscle function before 3 months predicted outcome fairly well, which is consistent with previous studies (Gilbert and Tassin 1984 , Waters 1999 , Smith et al. 2004 . However, functional recovery of other muscles has also been proposed to improve prognostic accuracy of outcome (Michelow et al. 1994 , Hoeksma et al. 2004 .
The affected arm of participants with a permanent lesion was shorter than the unaffected arm. This is consistent with other studies (McDaid et al. 2002 , Bae et al. 2008 .
Active and passive external shoulder rotation in the affected arm was limited in almost all participants with a permanent lesion. These findings are in accordance with the work of Kirjavainen et al. (2011) , who reported that lack of active external rotation was the most common shoulder impairment following BPBP. Our findings are also consistent with the findings reported by Hoeksma et al. (2003) who compared passive motion of the affected shoulder and the contralateral shoulder in children with a mean age of 3.5 years. They found that the most seriously affected shoulder motion was external rotation. Finally, our results are consistent with another study by Hoeksma et al. (2004) , where they found that external rotation and supination were the most affected directions of motion. Thus, despite differences in study populations regarding severity of BPBP and age, our study and those of others consistently suggest that limitations in external shoulder rotation are typical findings of permanent lesions of BPBP.
Elbow extension was limited in nine-tenths of those with a permanent lesion in our study, which is similar to results reported by Strömbeck et al. (2007a) , but slightly higher than the 77% reported by Kirjavainen et al. (2011) -who, however, studied children who had undergone surgery.
In participants with a permanent lesion, both with and without surgery, the strength of external and internal shoulder rotation and grip was reduced compared to the unaffected arm. Strength in external shoulder rotation was most reduced. This is in accordance with the findings of Kirjavainen et al. (2011) . We found subnormal grip strength in 9 and no grip ability in 1 of 17 participants with a permanent lesion. Our findings on grip strength are partly consistent with the findings of Stöm-beck et al. (2007a) and Kirjavainen et al. (2011) .
In the present study, only 2 participants with a permanent lesion had reduced sensibility in the involved hand. This finding is in accordance with other studies that found that sensibility is markedly less affected than motor function following BPBP (Anand and Birch 2002, Strömbeck et al. 2007b) .
All participants with a permanent BPBP lesion had limitations in bimanual activities, as measured with AHA. Only 1 had severe limitations, while all had asymmetrical movements of the affected upper extremity. We are not aware of any previous studies that have used AHA to assess bimanual activities in follow-up studies of BPBP. However, our results are partly consistent with the study of Lagerkvist et al. (2010) who found that 18-month-old children with persistent symptoms after BPBP used the injured arm and hand quite well, but mostly in an asymmetrical way. In another study in pre-school children by Hoeksma et al. (2003) , the parents of half of the children noticed that their child had asymmetrical appearance.
16 of the 17 participants with a permanent lesion were independent in activities of daily living according to the COPM, although 15 found some activities strenuous to perform. 12 reported concerns related to sports activities, especially activities requiring 2 hands or specific positioning of the arm. This is in line with the study by Strömbeck and Fernell (2003) who found differences in self-esteem for sport and motor activities. In another study, Strömbeck et al. (2007a) found that all adolescents with a permanent lesion following BPBP were independent in activities of daily living, but one-quarter experienced some difficulties and found that some activities were difficult and cumbersome. Hoeksma et al. (2004) asked parents of 53 children with BPBP 6 questions about daily activities. Most children in their study did not have difficulties in activities of daily living. In contrast to these results and the results of the present study, Kirjavainen et al. (2007) found that one-third of adolescents who had primary nerve surgery after BPBP needed help with activities of daily living, which is consistent with the inclusion of children with more severe injuries in their study.
In summary, we found that every fourth to fifth adolescent who had brachial plexus palsy at birth now had a permanent lesion, including substantial impairments in structure and function of the affected arm and shoulder. External shoulder rotation is the movement that is most affected, and asymmetric bimanual use of the arms is common. Although most adolescents with a permanent BPBP lesion are independent in activities of daily living, they need to use compensatory movements to perform activities requiring specific positioning or movement of the affected arm. We suggest that attention should be given to children and adolescents with less severe BPBP injuries, to improve their outcome and minimize their functional limitations.
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